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ABSTRACT
WASP-43b is one of the closest-orbiting hot Jupiters, with a semimajor axis of a = 0.01526 ± 0.00018 AU
and a period of only 0.81 days. However, it orbits one of the coolest stars with a hot Jupiter (T∗ = 4520 ±
120 K), giving the planet a modest equilibrium temperature of Teq = 1440± 40 K, assuming zero Bond albedo
and uniform planetary energy redistribution. The eclipse depths and brightness temperatures from our jointly
fit model are 0.347% ± 0.013% and 1670 ± 23 K at 3.6 µm and 0.382% ± 0.015% and 1514 ± 25 K at 4.5
µm. The eclipse timings improved the estimate of the orbital period, P, by a factor of three (P = 0.81347436±
1.4×10-7 days) and put an upper limit on the eccentricity (e = 0.010+0.010
−0.007). We use our Spitzer eclipse depths
along with four previously reported ground-based photometric observations in the near-infrared to constrain the
atmospheric properties of WASP-43b. The data rule out a strong thermal inversion in the dayside atmosphere
of WASP-43b. Model atmospheres with no thermal inversions and fiducial oxygen-rich compositions are able
to explain all the available data. However, a wide range of metallicities and C/O ratios can explain the data. The
data suggest low day-night energy redistribution in the planet, consistent with previous studies, with a nominal
upper limit of about 35% for the fraction of energy incident on the dayside that is redistributed to the nightside.
Subject headings: eclipses – planets and satellites: atmospheres – planets and satellites: individual: (WASP-
43b) – techniques: photometric
1. INTRODUCTION
Our knowledge of exoplanetary systems is rapidly im-
proving. Recent Kepler results (Borucki et al. 2011;
Batalha & Kepler Team 2012) have shown a striking increase
in detections of the smallest candidates, and the planet candi-
date lists now show that hot Jupiters are much less common
than planets smaller than Neptune. However, nearly all Kepler
candidates are too small, cold, or distant for atmospheric char-
acterization, except the nearby hot Jupiters. Their host stars,
bright enough for radial velocity (RV) measurements, subject
these planets to a strong irradiating flux, which governs their
atmospheric chemistry and dynamics. Their large sizes and
large scale heights (e.g., Showman & Guillot 2002) give the
signal-to-noise ratio (S/N) needed for basic atmospheric char-
acterization.
The most common technique for observing hot Jupiters and
characterizing their dayside atmospheres is secondary eclipse
photometry (e.g., Fraine et al. 2013; Crossfield et al. 2012;
Todorov et al. 2012; Desert et al. 2012; Deming et al. 2011;
Beerer et al. 2011; Demory et al. 2007). During secondary
eclipse, when the planet passes behind its star, we see a dip
in integrated flux proportional to the planet-to-star flux ra-
tio, or usually 0.02%–0.5% in the Spitzer Space Telescope
infrared wavelengths, where the signal is strongest. This dip
is much lower at wavelengths accessible from the ground or
from the Hubble Space Telescope. Techniques such as phase
curve measurement (Knutson et al. 2009, 2012; Lewis et al.
2013; Cowan et al. 2012a,b; Crossfield et al. 2010), transmis-
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sion spectroscopy (Deming et al. 2013; Gibson et al. 2012;
Berta et al. 2012), and ingress–egress mapping (de Wit et al.
2012; Majeau et al. 2012) can reveal more than a secondary
eclipse but are available for only a small number of high-S/N
planets.
A secondary eclipse observed in one bandpass places a
weak constraint on an exoplanet’s temperature near the aver-
age altitude of optical depth unity over that bandpass. Mul-
tiple wavelengths constrain the planet’s dayside spectrum,
potentially yielding insight into the atmospheric composi-
tion and temperature structure. Different wavelengths probe
different atmospheric levels and can be combined into a
broadband spectrum for further atmospheric modeling (e.g.,
Madhusudhan & Seager 2009; Stevenson et al. 2010). In-
frared observations are specifically valuable because the most
abundant chemical species in planetary atmospheres (aside
from H2 and He), such as H2O, CO, CO2, and CH4, have sig-
nificant absorption and emission features at these wavelengths
(e.g., Madhusudhan & Seager 2010). Constraints on chemical
composition and thermal structure are important for both fur-
ther atmospheric modeling (e.g., Showman et al. 2009) and
studies of the planet’s formation. Several recent studies have
shown that the atmospheric C/O ratios of giant planets can be
significantly different from those of their host stars because
of, for example, the formation location of the planet (see, for
exoplanets, Öberg et al. 2011 and Madhusudhan et al. 2011b,
and for Jupiter, Lodders 2004 and Mousis et al. 2012).
Secondary eclipse observations also provide insight into the
exoplanet’s orbit. Measuring the time of the secondary eclipse
relative to the time of transit can establish an upper limit on
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orbital eccentricity, e, and constrain the argument of periapsis,
ω, independently of RV measurements. Orbital eccentricity is
important in dynamical studies and in calculating irradiation
levels. Apsidal precession can also be constrained by eclipse
timing and can be used to reveal the degree of central concen-
tration of mass in the planetary interior (Ragozzine & Wolf
2009; Campo et al. 2011; López-Morales et al. 2010).
WASP-43b was first detected by the Wide-Angle Search for
Planets (WASP) team (Hellier et al. 2011) in 2009 and 2010
from the WASP-South and WASP-North observatories. The
WASP team also performed follow-up measurements with the
CORALIE spectrograph, the TRAPPIST telescope, and Eu-
lerCAM in 2010 December. These observations revealed a
planet with a mass of Mp = 1.78 Jupiter masses (MJ) and a
radius of Rp = 0.93 Jupiter radii (RJ), transiting one of the
coldest stars to host a hot Jupiter (type K7V, T∗ = 4400± 200
K). They found the planet to have an exceptionally short or-
bital period of 0.81 days and a semimajor axis of only 0.0142
AU, assuming the host star has a mass of M∗ = 0.58 ± 0.05
M⊙. The planet’s orbital eccentricity was constrained by the
radial velocity and transit data to e < 0.04 at 3σ. Spectroscopic
measurements of the star revealed a surface gravity of log (g)
= 4.5 ± 0.2 (cgs) and a projected stellar rotation velocity of
v∗ sin(i) = 4.0 ± 0.4 km s-1, where i is the inclination of the
star’s pole to the line of sight. Strong Ca H and K emission
indicates that the star is active. The estimated age of the star
is 400+200
−100 Myr.
For low-mass stars like WASP-43, there are notable
discrepancies (Berger et al. 2006) between interferometri-
cally determined radii and radii calculated in evolution-
ary models (i.e., Chabrier & Baraffe 1997; Siess et al. 1997).
Boyajian et al. (2012) presented high-precision interferomet-
ric diameter measurements of 33 late-type K and M stars.
They found that evolutionary models overpredict tempera-
tures for stars with temperatures below 5000 K by ∼3% and
underpredict radii for stars with radii below 0.7 R⊙ by ∼5%.
Their Table 11 lists an average temperature and radius for
each spectral type in the sample, suggesting that WASP-43,
with its measured temperature of 4520 ± 120 K, is likely a
K4 star rather than a K7 as reported by Hellier et al. (2011).
Gillon et al. (2012) analyzed twenty-three transit light
curves, seven occultations, and eight new measurements of
the star’s RV, observed during 2010 and 2011 with TRAP-
PIST, the Very Large Telescope (VLT), and EulerCAM. They
refined eccentricity to e = 0.0035 ± 0.0043 and placed a 3σ
upper limit of 0.0298 using all data simultaneously. They also
improved the parameters of the system significantly (Mp =
2.034± 0.052 MJ, Rp = 1.036± 0.019 RJ), refined stellar pa-
rameters (Teff = 4520± 120 K, M∗ = 0.717± 0.025 M⊙, R∗ =
0.667± 0.011 R⊙), and constrained stellar density (ρ∗ = 2.41
± 0.08 ρ⊙). They also confirmed that the observed variability
of the transit parameters can be attributed to the variability of
the star itself (consistent with Hellier et al. 2011). In addition,
they detected the planet’s thermal emission at 1.19 µm and
2.09 µm and used the atmospheric models of Fortney et al.
(2005, 2008) to infer poor redistribution of heat to the night
side and an atmosphere without a thermal inversion.
In this paper we present two secondary eclipses, observed
at 3.6 and 4.5 µm with the Infrared Array Camera (IRAC,
Fazio et al. 2004) on the Spitzer Space Telescope, which fur-
ther constrain the dayside emission of the planet and im-
prove the orbital parameters of the system. We combine our
Spitzer eclipse depth measurements with on previously re-
ported measurements of thermal emission in the near-infrared
from Gillon et al. (2012) and Wang et al. (2013) to constrain
the atmosphere’s energy redistribution and thermal profile by
using the retrieval method of Madhusudhan & Seager (2009)
as subsequently developed.
The following sections present our observations (Section
2); discuss photometric analysis (Section 3); explain specific
steps taken to arrive at the fits for each observation and a joint
fit (Section 4); give improved constraints on the orbital param-
eters based on available RV, eclipse, and transit data (Section
5); discuss implications for the planetary emission spectrum
and planetary composition (Section 6); state our conclusions
(Section 7); and, in the Appendix, supply the full set of system
parameters from our own work and previous work. The elec-
tronic attachment to this paper includes archival light curve
files in FITS ASCII table and IRSA formats.
2. OBSERVATIONS
We observed two secondary eclipses of WASP-43b with the
Spitzer IRAC camera in subarray mode (Program ID 70084).
A sufficiently long baseline (Figure 1) was monitored before
the eclipses, providing good sampling of all Spitzer systemat-
ics. To minimize intrapixel variability, each target had fixed
pointing. We used the Basic Calibrated Data (BCD) from
Spitzer’s data pipeline, version S.18.18.0. Basic observational
information is given in Table 1.
TABLE 1
OBSERVATION INFORMATION
Channel Observation Start Time Duration Exposure Number of
Date (MJDUTC) (s) Time (s) Frames
Ch1 2011 Jul 30 2455772.6845 21421 2 10496
Ch2 2011 Jul 29 2455771.8505 21421 2 10496
3. SECONDARY-ECLIPSE ANALYSIS –
METHODOLOGY
Exoplanet characterization requires high precision, since
the planets’ inherently weak signals are weaker than the
systematics. In addition, Spitzer’s systematics lack full
physical characterizations. We have developed a modu-
lar pipeline, Photometry for Orbits, Eclipses, and Transits
(POET), that implements a wide variety of treatments of
systematics and uses Bayesian methods to explore the pa-
rameter space and information criteria for model choice.
The POET pipeline is documented in our previous papers
(Stevenson et al. 2010; Campo et al. 2011; Nymeyer et al.
2011; Stevenson et al. 2012; Blecic et al. 2013; Cubillos et al.
2013), so we give here just a brief overview of the specific
procedures used in this analysis.
The pipeline uses Spitzer-supplied BCD frames to produce
systematics-corrected light curves and parameter and uncer-
tainty estimates, routinely achieving 85% of the photon S/N
limit or better. Initially, POET masks pixels according to
Spitzer’s permanent bad pixel masks, and then it addition-
ally flags bad pixels (energetic particle hits, etc.) by grouping
sets of 64 frames and performing a two-iteration, 4σ rejec-
tion at each pixel location. Image centers with 0.01 pixel
accuracy come from testing a variety of centering routines
(Stevenson et al. 2010, Supplementary Information). Sub-
pixel 5× interpolated aperture photometry (Harrington et al.
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FIG. 1.— Raw (left), binned (center, 60 points per bin, with 1σ error bars), and systematics-corrected (right) secondary eclipse light curves of WASP-43b at
3.6 and 4.5 µm. The results are normalized to the system flux and shifted vertically for comparison. Note the different vertical scales used in each panel. The
colored lines are best-fit models. The black curves in panel 2 are models without eclipses. As seen in the binned plots of channel 2, a ramp model is not needed
to correct for the time-dependent systematic if initial data points affected by pointing drift are clipped (see Section 3).
2007) produces the light curves. We omit frames with bad
pixels in the photometry aperture. The background, sub-
tracted before photometry, is an average of good pixels within
an annulus centered on the star in each frame.
Detector systematics vary by channel and can have both
temporal (detector ramp) and spatial (intrapixel variability)
components. At 3.6 and 4.5 µm, intrapixel sensitivity vari-
ation is the dominant effect (Charbonneau et al. 2005), so ac-
curate centering at the 0.01 pixel level is critical. We fit this
systematic with a Bilinearly Interpolated Subpixel Sensitiv-
ity (BLISS) mapping technique, following Stevenson et al.
(2012), including the method to optimize the bin sizes and
the minimum number of data points per bin.
At 8.0, and 16 µm, there is temporal variability, attributed to
charge trapping (Knutson et al. 2009). Weak temporal depen-
dencies can also occur at 3.6 and 4.5 µm (Reach et al. 2005;
Charbonneau et al. 2005; Campo et al. 2011; Demory et al.
2011; Blecic et al. 2013), while weak spatial variability
has been seen at 5.8 and 8.0 µm (Stevenson et al. 2012;
Anderson et al. 2011). Thus, we consider both systematics
in all channels when determining the best-fit model.
We fit the model components simultaneously using a
Mandel & Agol (2002) eclipse, E(t); the time-dependent de-
tector ramp model, R(t); and the BLISS map, M(x,y):
F(x,y, t) = Fs R(t)M(x,y)E(t), (1)
where F(x,y, t) is the aperture photometry flux and Fs is the
constant system flux outside of the eclipse.
To choose the best systematics models, we analyze dozens
of model combinations and use goodness-of-fit criteria
(Campo et al. 2011). For a given channel, we first vary the
photometric aperture size and the number of initial data points
that we exclude because of instrument settling, and then we
test different ramp models and bin sizes for the intrapixel
model. To choose the best aperture size and the number of
initial points dropped during instrument settling, we minimize
the standard deviation of the normalized residuals (SDNR).
Ignoring data points from the beginning of the observation is
a common procedure (Knutson et al. 2011) when searching
for the best-fitting ramp. We remove the smallest number of
points consistent with the minimal SDNR (see each channel
analysis for the number of points discarded).
Once we have found the best dataset in this way, we com-
pare different ramp models by applying the Bayesian Infor-
mation Criterion:
BIC = χ2 + k lnN, (2)
where N is the number of data points. The best model mini-
mizes the chosen criterion. The level of correlation in the pho-
tometric residuals is also considered by plotting root-mean-
squared (rms) model residuals versus bin size (time inter-
val, Pont et al. 2006; Winn et al. 2008; Campo et al. 2011)
and comparing this to the theoretical 1/
√
2N rms scaling
(Blecic et al. 2013 explains the factor of 2). Sometimes, we
prefer less-correlated models with insignificantly poorer BIC
values.
We explore the phase space and estimate errors by using
a Markov-chain Monte Carlo (MCMC) routine following the
Metropolis–Hastings random-walk algorithm, which uses in-
dependent Gaussian proposal distributions for each parame-
ter with widths chosen to give an acceptance rate of 30%–
60%. Each MCMC model fit begins with the Levenberg–
Marquardt algorithm (least-squares minimization). We use an
informative prior (e.g., Gelman 2002) taken from other work
on parameters that are more tightly constrained than what our
fits can achieve. In this work, those are ingress and egress
